Bacillus anthracis, an aetiologic agent of the zoonotic disease anthrax, encodes a putative NlpC/P60 endopeptidase BAS1812. It harbours a signal peptide, three bacterial SH3 domains and an NlpC/P60 family domain. Previous studies showed that BAS1812 is immunogenic in infected hosts and is a potential biomarker for anthrax treatment. To date, however, little information is known about its function and involvement in anthrax pathogenesis. Here we describe the phenotypic effect of BAS1812 deletion in B. anthracis Sterne strain. Transcriptional analysis showed that BAS1812 expression in a host-like environment was enhanced at the end of log phase, started to diminish after entry to stationary phase and increased again late in stationary phase. The constructed BAS1812 mutant showed impaired long-term survival in the stationary growth phase, less resilience to detergent, lesser endospore formation and delayed germination. The mutant also showed diminished ability to degrade peptidoglycan, but its ability to produce anthrax exotoxins was not affected. We hypothesize that BAS1812 is a cell wall hydrolase involved in biological activities related to maintaining cell wall integrity, sporulation and spore germination.
INTRODUCTION
Most bacterial cells are surrounded by the bacterial cell wall, providing rigidity and protection against mechanical stresses. Peptidoglycan, one component of the bacterial cell wall, is a macromolecule unique to bacteria [1] . The basic structural features of peptidoglycan are glycan strands that are cross-linked by short peptides. The glycan strand is a chain of alternating N-acetylglucosamine and N-acetylmuramate amino sugars linked by b-(1,4)-glycosidic bonds. The N-acetylmuramate units of the strands are interconnected with short peptides (quadra-or pentapeptides) containing various L-amino acids and D-amino acids. These peptide cross-links bind the glycan strands together and provide the cell wall its rigidity. Interestingly, in addition to its rigidity, the bacterial cell wall is highly dynamic, undergoing constant disassembly and reorganization. For peptidoglycan biosynthesis and assembly, various conserved enzymes such as glycosyltransferases, racemases, peptidyltransferases and transpeptidases are involved. For cell wall disassembly, enzymes that degrade the glycan backbone (glycosidases) or the short peptides (peptidases) are utilized [2, 3] .
Bacterial peptidases vary in their biochemical/structural properties and catalytic mechanisms. Some peptidase families are well studied, whereas others are less known. One of the peptidase families that is less well studied is the NlpC/ P60 family. The Bacillus subtilis autolysins (LytE and LytF), the Listeria monocytogenes proteins P60 and P45 and the Escherichia coli lipoprotein NlpC are examples of the NlpC/ P60 family [4, 5] . Members of this family have been shown to hydrolyse the D-g-glutamyl-meso-diaminopimelate linkage in the peptidoglycan [6] . Disruption of such peptidases in various Gram-positive bacteria resulted in defective cell division. Other cell-wall-associated functions are also known to be modulated by NlpC/P60 family peptidases, such as endospore formation and resuscitation by a resuscitation-promoting factor protein SwlA from Streptomyces coelicolor [7] . A deletion study of Rv2190c, an NlpC/P60 protein, in Mycobacterium tuberculosis showed altered colony morphology, cell wall composition and impaired growth in an in vivo mouse model [8] . Collectively, these findings suggest that the NlpC/P60 family is a peptidase family that is involved in cell wall maintenance, survival and virulence in Gram-positive bacteria.
Bacillus anthracis is a Gram-positive spore-forming firmicute that causes the zoonotic disease anthrax [9, 10] . Its major virulence factors consist of the tripartite exotoxins and poly-g-D-glutamic acid capsule. The integrative effect of two virulence factors ensures bacterial survival, pathogenesis and propagation within host cells [11] [12] [13] . Being the aetiological agent of a lethal disease, much effort is put into finding potential biomarkers in B. anthracis. Screening for potential virulence factors in B. anthracis via reverse vaccinology and genomic/proteomic screens was conducted, and three secreted proteins were discovered: BA3660, BA0796 and BA1952 [14, 15] . BA1952 is a putative NlpC/P60 endopeptidase that was identified as seropositive. Its coding region is 1263 bp long and codes for a predicted protein of 420 amino acid residues (approximately 43.9 kDa with a predicted pI value of 9.7), harbouring an NlpC/P60 superfamily catalytic domain and three bacterial Src homology 3 (SH3b) domains that are closely related to cell wall synthesis and maintenance [6] . Presence of two important domains closely associated with the cell wall maintenance implicates BA1952 in the B. anthracis cell wall dynamics. Of note, a cell wall peptidase CwpFM in Bacillus cereus, a close relative of B. anthracis, also harbours three SH3b domains and the NlpC/P60 domain, and a cwpFM mutant displayed changes in cell adhesion, biofilm formation and virulence [16] , providing supportive evidence that this putative NlpC/P60 protein plays a role during B. anthracis survival and possibly virulence. BA1952 was differentially secreted in our secretome study using B. anthracis Sterne strain (BAS1812 in Sterne strain; henceforth renamed BAS1812) [17] , and its transcription was depressed in the transcriptome study of codY-null B. anthracis [18, 19] . However, its function in B. anthracis has not been investigated to date. In this study, we describe the phenotypic changes in B. anthracis Sterne with the BAS1812 mutation. We constructed a BAS1812-null B. anthracis strain and analysed the phenotypic changes in cell-wall-related activities, and our results indicate that BAS1812 is a cell wall peptidase that is involved in cell wall integrity, sporulation and germination.
METHODS
Bioinformatic search of NlpC/P60 domaincontaining enzymes For domain comparison, five NlpC/P60-domain-containing proteins were aligned with BAS1812: CwpFM from B. cereus, Rv2190c from M. tuberculosis, SwlA from S. coelicolor, P60 and P45 from L. monocytogenes. Protein sequences were obtained from the National Center for Biotechnology Information (NCBI) Protein database (www.ncbi.nlm.nih.gov/protein). Sequence alignment was performed using Expresso (http://tcoffee.crg.cat/) [20] , for sequence alignment and for structure-based alignment. Alignment images were generated using Jalview version 2.9.0b2. The signal peptide motif in BAS1812 was predicted using SignalP 4.1 [21] . Conserved domains in BAS1812 were predicted using the Conserved Domain Database (www.ncbi.nlm.nih.gov/Structure/cdd/ wrpsb.cgi) from NCBI [22] .
Bacterial strains and culture conditions
The bacterial strains used in this study are indicated in Table 1 . Unless noted otherwise, B. anthracis Sterne 34F2 and its mutant derivatives were initially grown in a rich brain-heart infusion (BHI) medium (Becton, Dickinson and Company) at 37 C with shaking. Cells were then inoculated in the appropriate media for the desired experiments: modified G (MG) [23] or Ristroph [24] medium. Culture media were supplemented with antibiotics when ) and tetracycline (10 µg ml
À1
).
Mutant and complementation strain construction
The construction of B. anthracis strains used in this study was performed as described previously [25] or as described in Supplementary Materials and Methods.
Growth pattern and stationary-phase survival assay Changes in growth patterns in response to the BAS1812 deletion were determined by comparing the absorbance values of the wild-type to those of mutant strain during growth. Wild-type and mutant strains were inoculated in fresh Ristroph medium with an initial OD 600 of 0.05 and were incubated at 37 C under 5 % (v/v) CO 2 atmosphere. At intervals, samples were collected to assess the absorbance and viable cell counts.
RNA extraction and quantitative real-time PCR 34F2 cells grown in the BHI medium overnight were inoculated in fresh Ristroph medium or MG medium with an initial OD 600 of 0.05. After incubation at 37 C with rigorous shaking, samples were collected every 12 h for RNA extraction using a previously described method [26] . Using the extracted RNA samples, cDNA templates were synthesized, and quantitative real-time PCR was performed as described elsewhere [27] using the primers (DNA gyrase gyrB and BAS1812) in Table 2 . The housekeeping gyrB was used as an endogenous control [28] .
Sporulation and germination assay Spore suspensions of 34F2 and mutant strains were prepared as follows: cells grown in BHI were inoculated in MG medium or Ristroph medium and grown at 37 C with shaking for 4 days. The incubation period for full (or near complete) sporulation was determined empirically, and for this experiment, 4 day incubation was sufficient for near full sporulation in the wild-type strain. Cells were then heated at 65 C for 30 min to kill vegetative cells. The heat-treated cells were collected by centrifugation and washed with ice-cold deionized water 10 times. Spores were then resuspended in distilled water, serially diluted and plated on BHI agar medium to determine the number of heat-resistant spores.
Sporulation efficiency was calculated from the number of c.f.u. before and after heat treatment. The wild-type 34F2 was used as a control.
The germination kinetics of both strains were determined using previously described methods [29] ; methods are described in detail in Supplementary Materials and Methods.
Lysozyme and detergent sensitivity assay
The sensitivities to lysozyme and SDS detergent were assessed by measuring the zones of inhibition created by test-compound-containing paper discs placed on BHI agar plates spread with the wild-type and mutant strains. Lysozyme sensitivity was tested using 1, 0.1 and 0.01 mg ml
À1
lysozyme. Detergent sensitivity was tested using 10, 1 and 0.1 % (w/v) SDS.
Peptidoglycan purification and enzymatic assay Secreted proteins containing BAS1812 were prepared as follows. Cells were inoculated in Ristroph medium and grown at 37 C under 5 % (v/v) CO 2 atmosphere until mid-to lateexponential growth phase (OD 600 0.7-1.0). The supernatant containing secreted proteins was separated from the cells and treated with trichloroacetic acid [final concentration of 10 % (v/v)]. Precipitated proteins were collected by centrifugation (3600 g, 25 min, 4 C), washed with acetone, dried and resuspended in 50 mM phosphate buffer.
B. subtilis peptidoglycan was purchased from Sigma-Aldrich (69554-10MG-F). B. anthracis peptidoglycan was purified using a previously described method [30] ; the detailed method is described in Supplementary Materials and Methods.
The ability to degrade peptidoglycan was assessed using a previously described method [31] . In brief, purified B. anthracis peptidoglycan and B. subtilis peptidoglycan (5 and 10 mg ml À1 for B. anthracis and B. subtilis, respectively) were labelled with Remazol Brilliant Blue dye (Sigma-Aldrich) and were resuspended in distilled water. Activity analyses were performed by mixing 0.1 mg labelled peptidoglycan and 1 µg secreted protein from each strain in 50 mM phosphate buffer in a final volume of 100 µl. Reaction samples were incubated at 37 C for 4 h and were stopped by centrifugation (17 000 g, 10 min). The absorbance of the resulting supernatants was measured on a 96-well plate reader.
RESULTS

Bioinformatic analysis of BAS1812
A putative NlpC/P60 endopeptidase gene BAS1812 is located on the positive strand of the genome of B. anthracis strain Sterne (GenBank accession no. NC_005945.1). Using the NCBI Conserved Domain Database information and the SignalP database, BAS1812 was predicted to possess a signal sequence (amino acids 1-26), three SH3b domains (amino acids 65-116, 137-188 and 221-271) and one NlpC/P60 family domain (amino acids 313-418) (Fig. S1a , available in the online Supplementary Material).
We aligned the protein sequence of BAS1812 to those of other identified NlpC/P60 family proteins from Gram-positive bacteria. P60 and P45 from L. monocytogenes are well-studied enzymes in the NlpC/P60 family proteins. SwlA (SCO1240) is an NlpC/P60 protein identified in S. coelicolor [7] and is implicated in S. coelicolor endospore formation and germination. CwpFM, previously known as EntFM, is a potential cell wall peptidase in B. cereus [16] . Rv2190c is an NlpC/P60-domaincontaining protein recently identified in M. tuberculosis and is required for full virulence [8] . Analysis of the NlpC/P60 proteins revealed that the C-terminal NlpC/P60 domain is highly conserved (Fig. 1) . The N-terminal SH3b domains in BAS1812 showed similarity with CwpFM (99 %), but other proteins showed limited sequence similarity.
BAS1812 is expressed during growth phase and late stationary phase of B. anthracis life cycle As a putative NlpC/P60 endopeptidase, we hypothesized that BAS1812 is a cell-wall-related enzyme that is required during growth and stationary phase. To validate this hypothesis, we first investigated the effect of BAS1812 deletion on the B. anthracis to its growth pattern. We constructed the BAS1812-null strain HBN613 by homologously replacing the coding region with a kanamycin resistance cassette from integration vector pKS1 [25] . We cultured both the wild-type and mutant strains in Ristroph medium at 37 C under 5 % (v/v) CO 2 atmosphere and measured OD 600 for 168 h. Other than slight overgrowth in early stationary phase (8-12 h), no significant changes were observed in exponential and stationary phases by BAS1812 gene deletion. After 36 h growth, however, the OD 600 values in HBN613 gradually dropped, compared to those of in 34F2, until the end of observation (Fig. 2a) . A similar pattern was also observed when cultured in MG medium (Fig. 2a) . In addition, the BAS1812 mutant exhibited increased cell death in the stationary phase, with its viability~10-fold lower than the wild-type and complemented (HBN829) strains (Fig. 2b) . Moreover, morphological observation by light microscopy showed that the BAS1812 mutant strain was shorter than the wild-type strain and maintained its rodshaped form longer than the parental strain (Fig. S3) .
We then investigated the BAS1812 expression profile during the B. anthracis life cycle. RNA samples from 34F2 cells were collected at 6, 12, 24, 36 and 48 h time points. After RNA extraction from the collected samples, quantitative real-time PCR was conducted. In both Ristroph and MG media, the BAS1812 expression was enhanced at late exponential phase (12 h). After the 12 h time point, as the culture entered stationary phase, the transcription level dropped between the 24 and 36 h time points, and it remained low until 48 h, when it was increased again (Figs 2c and S2b). Collectively, growth curve of the BAS1812 mutant and the BAS1812 transcription pattern suggest that the putative function of BAS1812 may be to promote stationary-phase survival and other late-stationary-phase activities in the B. anthracis life cycle. Disruption of BAS1812 in B. anthracis impairs efficient endospore formation and affects cell wall integrity As the growth curves of the BAS1812 mutant and mRNA expression profile suggested the significance of BAS1812 during the late stationary phase, we assumed that BAS1812 is required for late-stationary-phase biological activity. One of the major late-stationary biological activities is sporulation, a survival strategy that occurs in Firmicutes under stressed conditions [32] . As other NlpC/ P60 family proteins affect sporulation, we assumed that BAS1812 may affect endospore formation. To test our hypothesis, we monitored the sporulation efficiency in HBN613. After culturing for 4 days, endospores from B. anthracis strains were selected by heat killing, repetitively washed with ice-cold water and plated on BHI agar medium. As a result, we observed approximately 34 % reduction in sporulation by BAS1812 deletion in B. anthracis (Fig. 3a, Table 3 ) cultured in sporulation-inducing MG medium. Sporulation also occurred in Ristroph medium, as early as the 48 h time point, although the number of heat-resistant spores was smaller than that of in MG medium (Fig. S4a) . As for sporulation efficiency, the wild-type 34F2 showed approximately 11 % sporulation efficiency after incubation for 4 days, whereas the BAS1812 mutant showed less than 1 % sporulation efficiency (Fig. S4b) . The reduced sporulation efficiency of HBN613 was restored by introducing BAS1812 gene but not completely compared to that of the wild-type 34F2.
In addition to observing reduced titre of spores, we also tested whether BAS1812 deletion could affect the sensitivity to detergent and lysozyme. We found that BAS1812 mutant cells showed no significant changes in sensitivity to lysozyme (data not shown). As for sensitivity to detergent, HBN613 was more sensitive to SDS than 34F2, and it could be complemented by introducing BAS1812 gene but not on a par with the wild-type strain (Fig. 3b) . Overall, these results showed that BAS1812 functions in maintaining cell wall integrity and proper endospore formation. Notably, its deletion did not completely inhibit sporulation or deregulate cell wall integrity, suggesting that BAS1812 does not play a major role but rather plays a redundant role in such activities.
Delay in spore germination by BAS1812 mutation Our investigations so far suggested that BAS1812 is required for efficiency of sporulation. As it was previously reported that some cell wall hydrolases contribute to spore germination [7, 33] , we investigated the possible role of BAS1812 in germination. We inoculated both wild-type and mutant strains in germinant solution and incubated these for up to 30 min while collecting samples at the times given in Methods. Germination was assessed by counting the number of heat-resistant cells from the collected samples after heat inactivation. Although the germination capability in HBN613 was not overwhelmingly defective, spore germination was delayed within the recorded time. The delay in HBN613 was statistically significant between 2 and 20 min, but HBN613 fully germinated after 30 min (Fig. 4) . Complementation by introducing BAS1812 gene suppressed the delay at the beginning of germination. Similar results were seen when germination was scored as a loss in OD 600 (Table 4 ). This result suggests that BAS1812 contributes to rapid germination of B. anthracis spores.
Deletion of the BAS1812 gene reduces the peptidoglycan degradation ability of B. anthracis Our investigations suggested that BAS1812 plays a role in sporulation and germination. We then assessed its ability to degrade peptidoglycan. Because several cell wall hydrolases contain signal peptides at their N-termini and BAS1812 was identified in host serum [14] , we assumed that BAS1812 is secreted along with other secreted proteins of B. anthracis. We therefore collected the secreted proteins and treated them with B. subtilis peptidoglycan labelled with Remazol Brilliant Blue. After incubation at 37 C for 4 h, the absorbance of the supernatant was measured for the detection of degraded peptidoglycan. Comparative analyses showed that HBN613 degraded relatively less peptidoglycan than 34F2 (Fig. 5) . Compared with lysozyme as a standard, peptidoglycan degradation in both B. anthracis strains was relatively low. Similar patterns were also observed when using purified B. anthracis peptidoglycan as a substrate (Fig. S5) . These results suggest that BAS1812 is able to degrade peptidoglycan to a limited extent.
DISCUSSION
Cell wall maintenance involves a diverse set of enzymes that hydrolyse and connect various peptidoglycan linkages [34] . Members of the NlpC/P60 family, a less-studied peptidoglycan-degrading peptidase family, are known to hydrolyse the Zone of inhibition (mm) produced by different concentrations of the detergent SDS on the wild-type 34F2 (white), the BAS1812 mutant HBN613 (black) and the complemented strain HBN829 (grey). All measurements were performed in triplicate. The level of statistical significance was determined by one-way ANOVA followed by Tukey's HSD post hoc test (**P<0.01). Error bars represent the variations in diameter of zone of inhibition by SDS. †Defined as c.f.u. value in a sample after heat inactivation (65 C) for 30 min. Results are the mean of three individual experiments.
‡Defined as viable count/spore countÂ100 %. Experiments were conducted in biological triplicate. SEM for each strain is presented in the parentheses.
D-g-glutamyl-meso-diaminopimelate linkage [6, 35] and have various functions in bacterial cell wall dynamics [35] [36] [37] . In this study, phenotypic effects of deletion of a putative NlpC/ P60 endopeptidase BAS1812 in B. anthracis were observed.
Protein sequence analysis with other NlpC/P60 family proteins revealed that NlpC/P60 domain located near the C-terminus is highly conserved (Fig. 1) . Comparative sequence analysis between BAS1812, Rv2190c and SwlA revealed that SwlA is shorter and lacks protein domains between the Nterminal signal peptide and the catalytic domain, whereas other proteins are much longer and some are predicted to possess additional domains, such as SH3b domains (Fig.  S1c) . Interestingly, the BAS1812 mutant exhibited increased susceptibility to a detergent SDS and reduced peptidoglycan-degrading ability, similar to the stress-induced expression of Rv2190c in M. tuberculosis [8] . Unlike in B. anthracis and M. tuberculosis mutants, the S. coelicolor swlA mutant did not show distinguishable change in chemical sensitivity [7] . It is possible that the structural difference among the NlpC/P60 family proteins is the reason for different responses toward detergent stress and cell wall stability. A recent study revealed that differential substrate specificity and enzymatic function between NlpC/P60 cell wall hydrolases are induced by local changes in amino acid residue and domain difference [38] , in part similar to our analysis. Interestingly, sequence analysis showed that BAS1812 and CwpFM are almost identical proteins (99 %), possibly orthologues in the B. cereus group. Morphological change in cell shape of BAS1812-null B. anthracis was in part similar to that of cwpFM-null B. cereus [16] , suggesting that this protein is well conserved with similar biological functions in the B. cereus group.
Endopeptidases harbouring the NlpC/P60 family domain are predicted to have a signal peptide, and several proteins are shown to be immunogenic [8, 39, 40] . Indeed, BAS1812 was predicted to harbour a signal peptide (Fig. S1a) and was shown previously to be immunogenic [14] , indicating its translocation. Increased SDS susceptibility, decreased sporulation efficiency and germination delay in the BAS1812 mutant suggest that BAS1812 is localized during these events and sustains them. It is noteworthy that proteins/genes involved in such activities have an N-terminal signal peptide and are localized for specific purposes, such as penicillin-binding proteins (PBPs) [41] , a cortex formation gene spoIVH [42] and a germination-specific amidase SleB [43] . The secretion mechanism in which BAS1812 is translocated and the localized position during such events remain to be elucidated.
Transcriptional analysis showed that BAS1812 was readily expressed at specific time points in B. anthracis growth, during late exponential phase and late stationary phase (Figs 2c and S2b). Wild-type 34F2 strain formed endospores at these time points in both virulence-inducing and sporulation-inducing media, and correspondingly, defects in sporulation efficiency and cell morphology were observed (Figs 3a, S2 and S3). The results implicate BAS1812 in such biological activities. Interestingly, its expression pattern is similar to that of some PBPs (i.e. pbpB, pbpC and dacC) [44] [45] [46] . In addition, development defects in the BAS1812 mutant are comparable to those in the high-molecular-weight PBP mutants [47, 48] , suggesting that BAS1812 may work in conjunction with PBPs in cell shape maintenance, endospore formation and germination. Furthermore, a bacterial transglutaminase Tgl, involved in the crosslinking of a variety of spore coat proteins such as GerQ [49, 50] , has a structural resemblance to an NlpC/P60 catalytic core [51] , suggesting that some NlpC/P60 family proteins participate in protein cross-linking.
Although a BAS1812 deletion showed developmental defects, the mutation did not completely inhibit the observed activities. It is possible that the role of BAS1812 can be compensated by other hydrolases, as there are other putative NlpC/ P60-domain-containing proteins existing in B. anthracis, such as BA5427 in Ames strain [52] . Further investigation into B. anthracis Sterne showed that there are other hypothetical proteins harbouring the SH3b domains and/or the NlpC/ P60 domain, such as BAS5084 (chromosome, GenBank accession no. AAT57373.1) and lysozyme-like family protein (pXO1, GenBank accession no. AJH43021.1), but their functions are not characterized and it is unclear whether they are responsible for the compensatory effect.
Phenotypical effects in the BAS1812 mutant were seen in other developmental mutants. Germination defects and overgrowth of B. anthracis spores have been noted previously for the gerP operon mutant, but the defective germination is thought to result from delay in the interaction of germinant with their receptors [29] . The E. coli surA mutant and the B. anthracis lrgAB mutant exhibited significantly decreased chance of survival in stationary phase, but the germination was not affected in those mutants [53, 54] , unlike the defects that we observed here. Resuscitationrelated proteins RipA and RipB harbour NlpC/P60 family domains and play essential roles in the reactivation of dormant M. tuberculosis [55] [56] [57] , similar to our result. It will be interesting to determine whether the functions of BAS1812 are interconnected with those of other proteins contributing to cell wall dynamics and survival. As discussed earlier, protein domains in CwpFM are strikingly similar, even identical, to those in BAS1812. Correspondingly, some phenotypic effects observed in the BAS1812 mutant were surprisingly similar to those in the cwpFM mutant [16] . The similarity strongly suggests that BAS1812 and CwpFM are homologous proteins, playing a similar role during virulence. Additional functional studies of BAS1812 using the previous approaches performed in the CwpFM characterization would provide insight into the role of cell wall endopeptidase in B. anthracis life cycle and virulence. 
